Point-of-use (POU) gravity-driven household water purifiers have been proven to be a simple, lowcost and effective intervention for reducing the impact of waterborne diseases in developing countries. The goal of this study was to compare commonly used water disinfectants for their feasibility of adoption in low-cost POU water purifiers. The potency of each candidate disinfectant was evaluated by conducting a batch disinfection study for estimating the concentration of disinfectant needed to inactivate a given concentration of the bacterial strain Escherichia coli ATCC 11229. Based on the concentration of disinfectant required, the size, weight and cost of a model purifier employing that disinfectant were estimated. Model purifiers based on different disinfectants were compared and disinfectants which resulted in the most safe, compact and inexpensive purifiers were identified. Purifiers based on bromine, tincture iodine, calcium hypochlorite and sodium dichloroisocyanurate were found to be most efficient, cost effective and compact with replacement parts costing US$3.60-6.00 for every 3,000 L of water purified and are thus expected to present the most attractive value proposition to end users.
INTRODUCTION
Contamination of drinking water by pathogenic microorganisms represents a major human health hazard in many parts of the world causing diseases such as diarrhea, typhoid, cholera, hepatitis, polio and amoebic dysentery. In order to prevent the spread of waterborne diseases, it is necessary to remove or inactivate pathogenic microorganisms in contaminated water before it is consumed. Methods of treating drinking water include boiling, treating with chlorine, filtering through porous media, passing water through disinfectant impregnated media, membrane filtration, reverse osmosis and exposure to ultraviolet radiation (Peter-Varbanets et al. ) . While most developed countries treat water in a centralized plant before piping it to consumers, in less affluent countries, point of use (POU) household water purification interventions have been found to be capable of dramatically improving the microbial quality of water and reducing the risks of waterborne disease (Brown & Sobsey ) . Most household POU water purifiers employ chemical disinfectants due to their low cost, convenience, amenability to work under gravity flow and the non-requirement of electricity and piped water. A wide variety of chemical disinfectants such as halogens, metal disinfectants (e.g. silver and copper), ozone, chlorine dioxide and hydrogen peroxide are suitable for disinfecting water. However, many of them are not suitable for incorporation in household water purifiers because of their short shelf life, high cost and difficulties encountered in operation and maintenance of the purifier. The selection of a suitable disinfectant is a key design step in determining the efficiency, size and cost and ultimately commercial success of a purifier. Purifiers targeted at low income households should ideally treat large amounts of water before requiring replenishment of disinfectant cartridge and the disinfectant itself should be potent enough so that a compact cartridge is able to treat water over many months. The disinfectant should also be safe, economical and the resultant purifier should be simple to operate and maintain.
According to the United States Environmental Protection Agency (USEPA) standards for microbiological purifiers (USEPA ), the target performance for an effective microbiological purifier is a 6 log 10 reduction of bacteria, 4 log 10 reduction of virus and 3 log 10 reduction of cysts. One approach that can be applied for evaluating a candidate disinfectant for a purifier could be the determination of a minimum concentration of disinfectant required to disinfect a given concentration of microorganisms at the level set by the USEPA standards in minimum contact time. The data on disinfectant concentration could then be used to calculate the amount and cost of disinfectant required to treat contaminated water over the expected life of a purifier cartridge containing the disinfectant. The size and cost data of purification cartridges based on different disinfectants could then be compared to pick disinfectants that are most suitable for low-cost household purification applications. This will reduce the cycle time for developing new low-cost household purifiers.
In the present study, the effectiveness of eight disinfectants was quantified in terms of their concentration and time required to inactivate 10 6 colony forming units (CFU)/mL (6 log 10 ) of the bacterial strain Escherichia coli (E. coli) ATCC 11229, the test concentration and strain suggested by National Sanitation Foundation (NSF) Standard P248 for testing microbiological purifiers (NSF ) which conforms to the USEPA guidelines for microbiological water purifiers (USEPA ). The concentration and contact time data were then used to determine the effectiveness, size and cost of resultant household water purifiers employing the candidate disinfectants. Such prospective purifiers were then compared and the disinfectants most suitable for incorporation in low-cost household purifiers were identified.
MATERIALS AND METHODS

Test culture
A stock culture of the bacterial strain E. coli ATCC 11229 was grown on nutrient agar (Hi-Media, India) at 37 W C for 24 hours. The grown cells were washed off using normal saline. The culture was centrifuged at 4,500 rpm for 20 min. The pellets of cells were washed twice by centrifugation for 10 min using normal saline. The cell density was adjusted to obtain a final cell concentration of 10 8 -10 9 CFU/ mL.
Test disinfectants
The disinfectants and corresponding disinfectant releasing compounds that formed part of the current study were:
silver ions via silver nitrate (AgNO 3 ), nano silver (in solution), chlorine (via calcium hypochlorite (Ca(OCl) 2 ), sodium dichloroisocyanurate (NaDCC) and Chloramine-T), iodine (in the form of tincture iodine), bromine (liquid bromine) and hydrogen peroxide (via a 30% hydrogen peroxide (H 2 O 2 ) solution).
Silver (Ag)
A stock solution containing 100 mg/L of silver ions was prepared by dissolving AgNO 3 (AR grade, Micron Platers, India) in distilled water. The concentration of silver in the stock solution was confirmed using atomic absorption spectrophotometry (AAS) (GBC-Avanta, Australia). The stock solution was used to prepare test systems containing 0.1, 1, 10 and 20 mg/L of silver ions in water.
Nano silver (nAg)
A 100 mg/L nano silver stock solution was synthesized using AgNO 3 as a source of silver ions, tri-sodium citrate (Qualigens, India) as a reducing agent as per the procedure described by Ratyakshi & Chauhan (). The formation of nano silver was confirmed using a UV visible spectrophotometer (Perkin Elmer, Lambda 25). The actual concentration of silver in test solution was determined by AAS. The stock solution was used to prepare test systems of concentrations 0.1, 1, 10 and 20 mg/L of nano silver in water.
Chlorine
Three different chlorine releasing compounds were tested in this study, viz. Ca(OCl) 2 (33% Cl 2 , LR grade, CDH, India), NaDCC (96% purity, AR grade, Sigma Aldrich, USA) and Chloramine-T (99% purity, Loba Chemie, India). Stock solutions containing 100 mg/L Cl 2 were prepared by dissolving the above compounds in distilled water. The stock solutions were used to prepare test systems with Cl 2 concentrations of 0.2, 0.5, 1 and 10 mg/L.
Bromine
Elemental bromine (Qualigens, 99% purity) was used to prepare a 1,000 mg/L stock solution in distilled water. The stock solution was used to prepare test systems of concentrations 0.2, 0.5, 1 and 10 mg/L.
Iodine (tincture iodine)
A stock solution of 2% tincture iodine (2.0% (wt/v) iodine (I 2 ), 2.4% (wt/v) sodium iodide (NaI) in 50% (v/v) ethanol and 50% (v/v) distilled water) was prepared. The stock solution was used to obtain test systems with free-iodine concentrations of 0.2, 0.5, 1 and 5 mg/L.
Hydrogen peroxide
A 30% H 2 O 2 (Qualigens) solution was used to prepare test systems containing H 2 O 2 concentrations of 10, 100, 1,000
and 10,000 mg/L.
Batch disinfection study for determining the antimicrobial efficacy of disinfectants
The efficacies of the above disinfectants at different concentrations and contact times were evaluated in a batch disinfection process using ground water as test water. values. From the efficacy data, the minimum concentration of active disinfectant (C m,c ) and corresponding contact time (T m ) required to meet the USEPA bacterial reduction requirement of 6 log 10 was determined for each of the studied disinfectants.
Procedure for designing a model purifier
The model purifier considered in this study is assumed to be a table-top POU device with a source reservoir for collection of input water, a collection reservoir for collection of purified water, a purification cartridge for disinfection of water and a polishing unit for removal of excess disinfectant from water. The purification cartridge and the polishing unit are considered to be the key functional parts which need to be replaced after their designated life. In the current study, it is assumed that each purification cartridge will be able to purify 3,000 L of water up to the desired level of disinfection before needing a change of cartridge. This capacity is obtained considering an average water consumption of 15 L per day by a family of four over a 6 month period.
Purification cartridge
The purification cartridge disinfects water by continuously The mass of source chemical (W sc ) that needs to be included in a purification cartridge in order to purify 3,000 L can be calculated from C m,sc using Equation (2): The volume occupied by the source chemical (V sc ) can then be calculated using Equation (3):
where ρ sc is the bulk density of the source chemical from Table 2 where densities and costs of different disinfectant releasing chemicals have been summarized.
The cost of source chemical (P t,sc ) can then be calculated using Equation (4):
where P u,sc is the unit cost of source chemical (US$/kg) from Table 2 .
In this study, the purification cartridge and its internal parts are assumed to be made of a plastic material, ABS The diameter of the purification cartridge container (D p,pc ) can then be calculated by Equation (5) to be:
The wall thickness of the plastic container is assumed to be 3 mm in order for it to possess sufficient strength to hold chemicals and to withstand the wear and tear of use. The cartridge body is assumed to be sealed with circular plates at its top and bottom. Thus, the volume of plastic material required to prepare a cartridge container can be calculated using Equation (6) to be:
The corresponding weight of plastic required to make the cartridge can be calculated using Equation (7) (where ρ p is the density of plastic) to be:
The cost of plastic (P t,p,pc ) in the purification cartridge can be calculated using Equation (4) by using the unit cost of the plastic (P u,p ) from Table 2 .
When chemicals are used in the solid form, they are assumed to be bound in the form of a tablet by using suitable binders and additives to control the rate of dissolution of the chemical in water. For simplicity, the combined weight, volume and cost of additive and binder needed to make tablets are assumed to be 3 g, 3 cc and US$0.0015 per 10 g of source chemical. The total size, weight and cost of the purification cartridge can then be calculated as the sum of the sizes, weights and costs of source chemical, plastic, dosing system, binder and additive (wherever necessary).
Polishing unit
The treated water from a purifier should be safe to drink and should not pose adverse health effects over its prolonged Table 4 . For hydrogen peroxide-based filters, it is assumed that its complete dissociation in water circumvents the need of a polishing unit.
The amount of activated carbon (W ac ) required to remove residual disinfectant in the purified water throughout the life of purification cartridge, i.e. 3,000 L, can be calculated using Equation (8), where Y ac is the adsorption capacity of activated carbon for a given disinfectant from Table 4 :
The procedure for designing a polishing unit is similar to the one employed for designing a purification cartridge above. The polishing unit is assumed to be a short vertical cylinder made of ABS with slenderness ratio r hd,pu ¼ 1.5. The volume of activated carbon (V ac )
is calculated using Equation (3) by using the mass of activated carbon (W ac ) obtained from Equation (8) and the bulk density of the activated carbon (ρ ac ) from Table 2 .
Similarly, the cost of activated carbon (P t,ac ) is calculated using Equation (4), using the mass of activated carbon (W ac ) from Equation (8) and the unit cost of activated carbon (P u,ac ) from Table 2 . The volume (V p,pu ), amount (W p,pu ) and cost (P t,p,pu ) of plastic required are calculated using Equations (4)- (7), by using the volume of activated carbon (V ac ) from Equation (3), plastic density (ρ p ) and unit cost of plastic (P u,p ) from Table 2 . The additional volume (V addn,pu ) for providing inlet, outlet as well as structural materials to hold the activated carbon are assumed to occupy an additional 100 cc. The weight, size and cost of the polishing unit are then calculated as the sum of those for activated carbon and plastic calculated above. 
RESULTS
Batch disinfection studies were undertaken for each disinfectant in accordance with the procedure given above in the Materials and Methods section. Figure 1 summarizes the findings of the batch disinfection study, while Table 5 summarizes the minimum disinfectant concentrations (C m ) and contact times required to achieve 6 log 10 reduction of The following sections describe the development of model purification cartridges based on the different disinfectants considered in this study.
Purifiers based on silver ions and nano silver
The efficacies of silver ions and nano silver against E. coli USEPA requirements are 10 and 1 mg/L, respectively, and the minimum contact time required to achieve the inactivation is 3 hours. The above data were used to design model purifiers based on silver ions and nano silver by employing the procedures given above in the Materials and methods section. Since the concentrations of silver ions as well as nano silver required to achieve complete inactivation of E. coli are above the C MAC value for silver in drinking water, it is expected that both these purifiers will require a polishing unit to remove the excess silver added to the water. Given that the C m,c value for silver ions is 10 times that for nano silver, it is expected that the cartridge as well as polishing unit for a purifier based on silver ions will be far more bulky than those for a purifier based on nano silver. This inference is also borne out in Table 6 where the size and cost of model purifiers is summarized. As seen from Table 6 , the replacement parts for a purifier based on silver ions are expected to weigh 13.9 kg, occupy 21.4 L and costs US$166, whereas the replacement parts for a purifier based on nano silver are expected to weigh 1.3 kg, occupy 2 L and costs US$15.80.
Purifiers based on chlorine
Figures 1(c)-(e) summarizes the efficacy of chlorine against E. coli using the three chlorine releasing compounds:
Ca(OCl) 2 , NaDCC and Chloramine-T. As seen from Including volume occupied by polishing medium, plastic, water connections and accessories supporting the polishing medium.
Purifier based on bromine
Figure 1(f) shows the efficacy of bromine against E. coli. A concentration of 1 mg/L of bromine is required to achieve a 6 log 10 reduction over a 60 min period. At higher concentrations (10 mg/L), complete inactivation was observed within 10 min. However, given purifier size constraints, the lower concentration of 1 mg/L (albeit with a higher contact period) was considered for purifier calculations. As seen from Table 6 , the replacement parts of a purifier based on bromine are expected to weigh 0.7 kg, occupy 1.1 L and cost US$3.60.
Purifier based on iodine (1,000 mg/L), complete inactivation was observed after 60 min while 10,000 mg/L hydrogen peroxide gave complete inactivation for all contact periods. Table 6 shows the replacement parts of hydrogen peroxide in terms of purification cartridge by using a C m,c value of 1,000 mg/L. The estimated size, weight and cost of a purification cartridge for treating 3,000 L using hydrogen peroxide are 10.6 L, 11.7 kg, and US$16.20, respectively. Even though the unit cost of hydrogen peroxide is expected to be low (US$0.49/kg), the volume of disinfectant needed to purify 3,000 L will make the resultant purifier very bulky and expensive.
DISCUSSION
Comparison of purifiers based on studied disinfectants
Purifiers based on silver ions and nano silver
Silver is known to be a clean disinfectant as it does not add taste, odor or color to treated water and more importantly does not produce any harmful byproducts after disinfection (Solsona & Méndez ) . Silver and nano silver are generally employed in water purification applications in the form of solid powders, liquid solutions or by impregnating them into solid filtration media. In the current study, AgNO 3 and nano silver powder are considered as sources of silver ions and nano silver, respectively, and are assumed to be directly dosed into the water. We do not consider cases where either of these disinfectants is impregnated in a filtration medium since the basis of comparing disinfectants in the current study, the batch disinfection test, assumes that the disinfectants are in direct contact with the water.
As discussed above under Results, the replacement parts of a model purifier based on silver ions will weigh 13.9 kg, occupy 21.4 L and cost US$166. Clearly, a purifier based on dosing of silver ions to water while still meeting USEPA log 10 reduction requirements will not be a viable household purification solution. On the other hand, a purifier based on dosing of nano silver to water is expected to However, as mentioned above, purifiers based on silver impregnated purification media are beyond the scope of the current study.
Purifiers based on chlorine
Chlorine is the most commonly used disinfectant in water treatment plants. It can be applied for the inactivation of most microorganisms and it is relatively cheap. In the current study, three chlorine releasing compounds (Ca(OCl) 2 , NaDCC and Chloramine-T) were tested for their feasibility of inclusion in low-cost POU water purifiers. As discussed above under Results, a purifier based on Chloramine-T will be bulky, expensive and infeasible. On the other hand, the replacement parts for purifiers based on Ca(OCl) 2 and NaDCC are expected to be fairly inexpensive (costing US$6), of acceptable size (2.1 L) and weight (1.4 kg), and are expected to be economically and ergonomically attractive to end users.
Purifier based on bromine
The replacement parts of a purifier based on bromine are expected to be even more compact (1.1 L) and cost effective (US$3.60) as compared with those based on chlorine. However, since bromine is a liquid at room temperature and vaporizes easily, it is expected that the construction of the bromine addition system in a purifier will be more complex as compared with purifiers using solid chemicals, such as
Ca (OCl) However, as with silver impregnated media, the evaluation of these media was beyond the scope of the current study.
Purifier based on iodine
The size and weight of a purifier based on tincture iodine are expected to be about the same as those for a purifier based on liquid bromine. The cost of the replacement parts of a purifier based on iodine (US$4.80) is expected to be somewhat higher than that for a purifier based on bromine (US$3.60) but is expected to be less than the cost of replacement parts for purifiers based on Ca(OCl) 2 (US$6) and NaDCC (US$6). There is some concern regarding continuous consumption of iodine by people who are iodinesensitive, have over-active thyroids or are pregnant or nursing mothers (Backer & Hollowell ) . This necessitates that the polishing unit employed in an iodine-based filter be robust and effective to remove all traces of iodine from the treated water before it is consumed by the end user (WHO ). Since the current study was limited to the action of a single disinfectant, the efficacy of hydrogen peroxide in conjunction with another disinfectant has not been evaluated. A future study may be extended to include the synergistic action of two or more disinfectants and evaluate purifiers based on such multi-disinfectant configurations.
Selection of disinfectant
As seen in Table 6 , the cost of the replacement parts of puri- Since the replacement parts of purifiers based on silver ions, nano silver, Chloramine-T and hydrogen peroxide are expensive and, with the exception of nano silver, are also very bulky, these may not be affordable nor convenient to the end user and hence may not form part of an acceptable low-cost household purification solution.
The replacement parts of a purifier based on liquid bromine, iodine (using tincture iodine), Ca(OCl) 2 and NaDCC are expected to be compact and cost effective and hence attractive to a large segment of the target population.
Among these four disinfectants, Ca(OCl) 2 is readily available and is regularly used for water purification applications. It is safe, easy to handle and inexpensive and hence is the disinfectant of choice of this limited study.
Study limitations
In the current study, we have assessed the effectiveness of commonly available disinfectants against the bacterial strain E. coli ATCC 11229. However, it may be noted that the effectiveness of disinfectants varies with the test strain and the type of microorganism (bacteria, viruses and protozoa). Hence, in order to get a realistic estimate of the comparative potency of disinfectants, the study needs to be extended to different groups of microorganisms and different strains within each group.
The current study assumes that the test disinfectants are in the form of a solid powder or concentrated liquid solution which is directly dosed in water. It ignores other methods of bringing disinfectant in contact with microorganisms such as by using disinfectant impregnated filtration media and disinfectant releasing resins. A future study could include these methods to achieve a better comparison of the various options available for low-cost water purification.
The current study is also limited to the action of a single disinfectant. A further study could encompass the synergistic effect of combinations of disinfectants since some disinfectants show poor action in isolation while their performance improves significantly in the presence of other disinfectants. Such an extension to this study could provide valuable insights while designing purifiers incorporating multiple disinfectants.
CONCLUSIONS
The present study presents a comparison of commonly available disinfectants for their suitability of use in a gravity-driven, POU, low-cost, household water purifier.
The disinfectants and corresponding disinfectant releasing compounds that have been studied are: silver ions (via AgNO 3 ), nano silver (using nano silver powder), chlorine (via Ca(OCl) 2 , NaDCC and Chloramine-T), iodine (in the form of tincture iodine), bromine (as liquid bromine) and hydrogen peroxide (as a 30% hydrogen peroxide solution).
The study estimates that purifiers based on the addition of AgNO 3 , nano silver, Chloramine-T and hydrogen peroxide to water are expected to be expensive and/or bulky and hence are not expected to be attractive to end users.
Purifiers based on liquid bromine, iodine, Ca(OCl) 2 and NaDCC are expected to be cost effective (US$3.60-6), of acceptable size (1-2 L) and weight (0.7-1.4 kg) and are thus expected to be ergonomically and economically attractive to end users. Among these disinfectants, Ca(OCl) 2 is widely available, easy to handle, inexpensive and safe, and hence it is the disinfectant of choice among the various disinfectants evaluated in this study.
